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Supplementary Materials and Methods
1.1 Data Sources 1.1.1 Individual fishery data. Data for this analysis come from a recent global study of the current status and future trends in global fisheries (5). This database includes information on the current status (year 2012) for 4,252 fisheries around the globe.
Sea surface temperatures.
Temperature data used in the calculation of climate velocities and estimation of species' thermal tolerance thresholds were obtained from the Royal Netherlands Meteorological Institute Climate Explorer portal (http://climexp.knmi.nl). Climate velocities were calculated for early (2006-2040), mid (2041-2065) , and late (2066-2100) twenty-first century (4), using mean annual sea surface temperatures (SSTs) extracted from multi-model (table S1 ) ensemble means for all four IPCC Representative Concentration Pathways (RCPs): RCP 2.6, 4.5, 6.0 and 8.5 (15) . These four pathways represent a range of radiative forcing from anthropogenic greenhouse emissions ranging from a mitigation scenario leading to very low forcing with overshoot (RCP 2.6), to a very high baseline emission scenario without stabilization (RCP 8.5) (15).
We only used mean SSTs in our species' range projections, because this is the only temperature parameter readily available from the global climate models for the temporal span and scenarios used in our analysis. Other temperature parameters might better predict range shifts responses to anthropogenic climate warming by better reflecting the thermal environment of the species (e.g., sea bottom temperatures for benthic species), or the limiting conditions governing range dynamics (i.e., temperature extremes). Nevertheless, mean SST has been shown to be a consistent significant predictor of species richness across taxonomic groups (34) and is frequently linked to observed distribution shifts in marine species (10, 35) , including benthic species (36). Advances in global climate models will help refine these projections in the future. Until then, there is strong support for using SST as the physical driver of shifting species' ranges.
Species distributions.
Current species distribution maps for the 779 species analyzed in this study were sourced from AquaMaps (30). These maps predict relative probabilities of species occurrence (0-1 range) derived from an environmental niche envelope model supplemented with species-specific information from occurrence records and, where available, expert knowledge (31.6% of the 779 projected species as of 16.06.2016). We used an occupancy probability threshold value of > 0 for defining the distribution maps, yielding the most inclusive estimates of a species' range. The rationale for including the totality of a species range (i.e., the fundamental niche) was to produce more conservative estimates of potential distribution change.
Climate Velocity Model
Species' distributions were projected using the climate velocity model described in García Molinos et al. (3) , with the important modification that climate trajectory movement was limited to those cells whose depth overlapped that of the species depth range defined from its environmental envelope (32). Resulting projected ranges were checked for thermal suitability by comparing the maximum and minimum thermal tolerances of each species against the maximum and minimum annual mean monthly SST projected over each 5-year period. Species thermal tolerance thresholds were estimated using SST from the mean ensemble historical run for each RCP as one standard deviation above/below the baseline inter-annual mean of the annual maximum/minimum mean monthly SST within the species' current range. This criterion recognizes that environmental tolerances as inferred directly from a species range tend to underestimate their actual physiological limits, because species often do not occupy the full range of environmental conditions they can tolerate, i.e. their distribution is a partial realization of their fundamental niche (37). Adding a standard deviation to the thermal limits a species encounters within its range is a way, albeit subjective, of accounting for this (for a discussion on this particular point and a sensitivity analysis on the effect of alternative thermal thresholds on the output of the climate velocity model see the Supplementary Materials and fig. S8 in Garcia et al. (3) ). Range areas were then calculated from the resulting ranges as the sum of all the cell areas comprising the range corrected for latitudinal distortion and coastal configuration. To avoid bias in the calculation of range areas arising from coastal cells being poorly resolved by the nominal 1-degree resolution of the model, we produced a 0.1-degree coastal mask and assessed the proportion of marine cells from the total number (100) of 0.1-deg cells contained in each 1-deg cell. This proportion was then multiplied by the total cell area to get an approximation of the real area contributed by coastal cells to the species' range area.
Species-Stock Aggregation
To match the taxonomic resolution of the species distribution data used by the climate velocity model, the individual fisheries in different countries from Costello et al. (5) had to be aggregated within species. This aggregation resulted in 779 species-stocks, which are the unit of analysis for this paper. The species included in this analysis span 24 of the Food and Agriculture Organization (FAO) International Standard Statistical Classification of Aquatic Animals and Plants (ISSCAAP) species categories, including those that are typically associated with small-scale fisheries (e.g., coastal fishes) and large-scale fisheries (e.g., demersal and pelagic fishes). Parameters for the species-stocks are calculated as follows.
Carrying capacity in the initial time period is calculated as the sum of all stocks j that are in species-stock i (from Costello et al. (5) ) as follows
Initial biomass for species-stock i is given by
Initial harvest for species i is given by
Initial fishing mortality rate is calculated as 
Finally, price, p i , is the weighted mean of p j , weighted by MSY j.
NEI (not elsewhere included) Stock Aggregation
To explore a more globally representative sample in our study, we also included a set of stocks comprised of fisheries where species-level data are not available in addition to the 779 species-stocks described above. These are classified by the FAO as "not elsewhere included" (NEI) stocks. In this study, NEI-stocks are aggregated at the country level, following the same process outlined in Section 1.3 of this supplement, where i represents a country NEI-stock and j denotes individual NEI fisheries in country i from Costello et al. (5) . We include 136 NEI-stocks in our analysis. Collectively, these represent 15.7% of the current catch in our study.
Translating Climate Effects into Changes in K
We incorporate climate change in the bioeconomic model by allowing the carrying capacity parameter for each stock, K i , to change each year. For species-stocks, we assume that changes in carrying capacity are directly proportional to changes in species range area as projected by the climate velocity model. For example, a stock that experiences a 10% increase in range from 2015 to 2020 is assumed to experience a 10% increase in carrying capacity over this time period. The rationale for this assumption is that the current and projected ranges estimate the total area of suitable habitat for each species as defined by thermal and depth characteristics. Annual carrying capacity values were calculated by interpolating between projected data points from the climate velocity model (five-year intervals) using a spline. Starting carrying capacity for each stock is determined using the aggregation process (Equation 1).
To determine carrying capacity trajectories for NEI-stocks, we first determine a countrylevel total range (aggregate of all species' ranges in each country) trajectory with the following steps using outputs from the climate model for all RCPs: 1. In each country, we sum the portions of range area of each species that occur in that country. This value is the aggregate country-level species range and is calculated for each 5-year interval. 2. We interpolate between the five-year range data points (from Step 1) using a spline to produce an aggregate range value in each country for each year. 3. We calculate the change in aggregate range relative to the initial aggregate range value for each country, for years 2013-2100. This is the relative change in range over time for each country. We then calculate carrying capacity for each time step by applying the same relative change through time to carrying capacity K (calculated using the aggregation process for NEI-stocks, Sections 1.3 and 1.4). These trajectories are calculated for each country for which both at least one NEI-stock is present and range information is available.
K and Range Link
A key component to projecting climate change impacts on global fisheries benefits is the assumption that carrying capacity scales with species range size. Since maximum sustainable yield is a function of K (Equation 6), this relationship couples projected changes in range to projected changes in potential yields. The primary rationale for the hypothesized relationship follows from the simple assumption that if maximum range size changes by a given amount (e.g., decreases by 25%), the maximum potential species stock size (i.e., its carrying capacity) will change proportionately (i.e., decrease by roughly 25%). If the distribution of characteristics (i.e., temperature, habitat and other factors) that affect stock dynamics remain similar between the newly altered range area and the historical range, the potential total population size ought to be somewhat predictable. With currently available climate model projections, we can only address this question for sea surface temperatures. Figure S3 shows that the distributions of sea surface temperatures within current and future ranges (i.e., thermal niche) for the 779 stock species remains largely invariant over the projection period both in central tendency ( fig. S3a,c) and spread ( fig. S3b,d) ; a result that holds irrespectively of the concentration pathway considered (results not shown).
Correlated shifts in range size and population abundance have been documented in a variety of taxa including Newfoundland cod, Scotian Shelf and Bay of Fundy marine fishes, Arctic and Antarctic fauna, English Channel plankton and intertidal organisms, Bering Sea arrowtooth flounder and marine fisheries species across the world (29, (38) (39) (40) (41) (42) . Relevant to the link between range size and abundance is the MacCall's Basin Hypothesis, which states that the geographic range of marine fish will co-vary with population density as a function of habitat selection; i.e., stock ranges will increase with increasing abundance, and decrease with decreasing abundance (43). This principle has been demonstrated in Grand Bank yellowtail flounder and demersal fishes on the New York Bight continental shelf, among others (44, 45).
The challenge with such macro-ecological studies of area abundance relationships is that they typically examine how changes in abundance of a species affect its range size. By contrast, the fundamental question here flips this issue on its head -how do changes in potential range size affect potential maximum abundance (i.e., carrying capacity)? Empirically testing this relationship is challenging because observed abundance and range size are often smaller than these potential values. (e.g., through a variety of human driven impacts on abundance).
Therefore, patterns of change in abundance of harvested species are not directly relevant for testing this prediction. More informative examples can be derived from species that are not exploited. A recent study on the effect of climate change on historical changes in distribution and abundance of 154 British butterflies and moths showed that the majority of species (72%) exhibited changes of the same sign (e.g., abundance increases as range size increases) (46). Among these species, the mean ratio of normalized changes in abundance to changes in range size was 2.16 (SD = 4.15). Similar examples for fish species are lacking in the literature. Therefore, we calculated the empirical range/abundance ratio for 11 unharvested marine species using trawl data from the Northeast Fisheries Science Center East Coast Surveys accessed through Rutgers' OceanAdapt project (10, 47). We first estimated range size from 1993 to 2008 (2014 for one species -purple orange sea star) using survey latitude longitude coordinates. Range size was estimated for each year of interest using a series of ArcGIS models that fit a concave hull to account for observed fisheries distributions that have large holes within their boundaries or may curve substantially. To create a metric of total biomass within the species' range we summed the biomass for a species across all sample grid locations for each year. Range size and biomass values were standardized by the time series mean for each species to estimate the proportional change from the mean. A value of 0 for either metric thus represents the long-term mean, while values above/below 0 represent proportional increases/decreases over the long-term mean. To explore the hypothesized relationship between both variables, we used a general linear model to predict proportional change in species biomass from proportional change in range size, species identity and their interaction. We found a statistically significant positive correlation between change in range size and change in aggregated biomass ( fig. S4) , with an overall slope of 1.32 (P<0.001). The overall slope was not significantly different from the hypothesized slope of 1 (but was significantly different from 0). Slopes for individual species ranged from 0.5 to 1.9, but the slopes were not statistically different from one another (P>0.9).
Although these two examples from unharvested species suggest that there is a strong positive relationship between carrying capacity and range, the specific slope of the relationship is uncertain. Changes in range size can drive larger (or smaller) relative changes in abundance depending on the species and environmental conditions. Whereas a selection of a 1:1 ratio is a pragmatic solution given the uncertainty, we explored the sensitivity of the results from the main body of our paper to two alternative choices of the ratio between range size and carrying capacity: 0.5 and 1.5. That is, if range size increased by 50% or 150% over a 10-year period, these ratios would yield 25% and 75% increases in carrying capacity respectively. These values cover most of the observed range of variation across species in our analysis ( fig. S4 ). Using the RCP 6.0, we found that the outcomes for the range of management alternatives are robust to the choice of ratio ( fig. S5 ). 
Bioeconomic Model
In each time step, the appropriate K t (determined using the process outlined previously) is used. Stock-specific parameters g and are set as described earlier. Harvest in each time step is calculated using the following equation
where F t is the fishing mortality rate that depends on the policy scenario (see the following section). Finally, profit from harvesting H t metric tons of fish using fishing mortality F t is given as follows
where the species-specific parameters p, C, and are defined in the aggregation process.
Policy Scenarios
We focus on four policy alternatives. Each alternative is defined by the harvest control rules applied to each of the 915 stocks (779 species-stock and 136 NEI-stocks), categorized into three groups (Transboundary species-stocks, Static species-stocks, and NEI-stocks). The species-stocks are categorized depending on whether or not they are expected to experience spatial shifts over the time horizon. Transboundary species-stocks are identified as those with a range that is projected to move completely out of one or more sovereign nation Exclusive Economic Zones (EEZs) or into one or more new EEZs, where the species-stock is currently absent, as a result of climate-driven distribution shifts by 2100 (393 species-stocks fit this criteria for RCP 6.0). Species-stocks not meeting this criterion are classified instead as Static species-stocks.
Assignment of initial and projected distribution ranges to individual EEZs was made by intersecting each species' range with an EEZ boundary contour (48) and calculating the proportion of area by EEZ. A species-stock was considered within a country's EEZ if at least five percent of the species-stock's total range was within the given EEZ. We consider Transboundary species-stocks to pose more serious challenges to management due to spatial shifts across management jurisdictions. Because NEI-stocks are composites of unidentified species and thought to be poorly managed regardless of climate change, we treat their management as if they are Transboundary species-stocks. Each policy scenario applies a harvest control rule to each of the two categories (Transboundary species-stocks (including NEI-stocks) and Static species-stocks).
Harvest Control Rules (HCRs)
We use four different HCRs in this analysis: Economically Optimal, Current Fishing Mortality Rate, Gradual Shift: Economically Optimal to Open Access, and Gradual Shift: Current Fishing Mortality Rate to Open Access. We use HCRs that gradually shift to represent a more realistic transition to Open Access conditions.
Economically
Optimal. This HCR achieves the maximum net present value (NPV) over an infinite time horizon under the current climate and biological conditions. Each stock has its own optimized harvest policy where fishing mortality rate is a function of biomass. This HCR is determined using a dynamic optimization routine for each stock.
Current Fishing Mortality Rate.
Under the Current Fishing Mortality Rate HCR, stocks are fished at the current (year 2012) fishing mortality rate, F, in each time step (Equation 4).
Gradual Shift: Economically Optimal to Open
Access. This HCR is only applied to Transboundary species-stocks and NEI-stocks. For the first year of the projection, F is set at the economically optimal level for the biomass at the given time step according to the economically optimal policy (see Economically Optimal above). Then, F in each year changes at a constant rate, moving towards F OA , which is a constant rate defined as the fishing mortality rate that would achieve open access equilibrium at 30% of B MSY , as follows
which is reached the year in which a stock experiences its first spatial shift into or completely out of an EEZ occurs. Finally, for the remaining years in the projection, F is set at F OA for the relevant stocks. This scenario assumes that management adapts to the anticipated changes in productivity (included in the model through a change in K that predictably alters maximum sustainable yield) by implementing the Economically Optimal policy, which is a naturally adaptive HCR that adjusts fishing mortality rate based on available biomass. However, since this policy does not address the transboundary issues associated with climate change, the Economically Optimal HCR is applied only to Static species-stocks, whereas the Gradual Shift: Economically Optimal to Open Access HCR is applied to Transboundary species-stocks.
Gradual

Range Shift
Adaptation. This scenario assumes that management adapts to the anticipated spatial changes in range location by implementing transboundary institutions that lead to the continued management of stocks even as they shift into and out of EEZs. This scenario prevents open access fishing of Transboundary species-stocks but does not address anticipated changes in productivity. Therefore, a naturally adaptive policy is not applied to stocks. Both Static and Transboundary species-stocks are assigned the Current Fishing Mortality Rate policy.
Full Adaptation.
Full Adaptation assumes that management adapts to the anticipated changes to productivity and effectively prepares for spatial shifts due to climate change. Here, we assume that 1) the naturally adaptive HCR (Economically Optimal), and 2) strong, flexible transboundary institutions that lead to the successful management of all stocks even as they shift into and out of EEZs are adopted. In this scenario, all stocks are managed under the Economically Optimal HCR.
No Adaptation.
This scenario assumes that no action is taken. The HCR for Static species-stocks remains at Current Fishing Mortality Rate, and the Gradual Shift: Current Fishing Morality Rate to Open Access policy is applied to Transboundary species-stocks, as a lack of transboundary agreements leads to Open Access in Transboundary speciesstocks.
Supplementary Text
Alternative Transboundary Stock Cut-off
The categorization of Transboundary and Static species-stocks affects the magnitude of the spatial shift problem, thus affecting the results of the Productivity Adaptation and No Adaptation policies. When Transboundary species-stocks are defined as stocks that experience at least two shifts across EEZs (into new EEZ(s), completely out of EEZ(s), or both) by year 2100 ("two nation cut-off"), the percentage of Transboundary speciesstocks is 15%, 19%, 30%, and 65% for RCP 2.6, 4.5, 6.0, and 8.5 respectively, which is lower than when only a single shift is used to categorize a Transboundary species-stock (Fig. 2) .
Although we find the results from No Adaptation are higher using a two nation cut-off compared to one, we still see similar trends when comparing across policies. Under a Full Adaptation future (RCP 6.0), global profits, harvest, and biomass rise by 89.8%, 29.6% and 29.3% in 2100, respectively, relative to the No Adaptation scenario ( fig. S6 -top) . Under Productivity Adaptation alone, global profit, harvest, and biomass could be 60.1%, 24.4%, and 12.4% higher than the No Adaptation scenario. Under the Range Shift Adaptation alone, these metrics rise by 23.1%, 4.0%, and 8.6%, respectively. We see similar trends across all RCP scenarios. The comparison of Full Adaptation and No Adaptation for RCPs 2.6, 4.5, and 8.5 results in increases in profit (75.1%, 80.6%, 144.0%), harvest (31.7%, 28.8%, 9.9%), and biomass (22.6%, 25.4%, 96.0%), respectively ( fig. S6 -top) .
Alternative Stock Composition: Analysis with Species-Stocks Only
As a robustness check, we examined how eliminating NEI-stocks affects the results of our analysis. This alternative analysis indicates that the main results -Full Adaptation leads to greater benefits in harvest, profit, and biomass, compared to the alternative management scenarios as well as today's indicators (2012) -remains true for RCPs 2.6, 4.5, and 6.0 even when NEI-stocks are eliminated ( fig. S6 -bottom) .
Alternative Price and Cost Scenarios
Our analysis assumes constant prices and costs over time. However, there are a number of reasons why fishing costs and ex-vessel prices may change in the future. Range shifts due to climate change can affect fishing costs, for example when spatial shifts lead to either increased or decreased time at sea, depending on whether species are moving closer or further away from existing landing and processing infrastructure (26, 49) . In addition, changes independent of climate change, such a reduction or increase in subsidies to the fishing sector or changes in global fuel prices, also have the potential to affect the fishing cost parameter.
There are also reasons to expect that prices will not remain constant through time. Rising income is likely to increase demand for fish products, while increased aquaculture production may increase global supply and affect certain seafood prices. While it is difficult to predict exactly how prices will change, it is reasonable to expect that they will vary as a function of quantity of fish produced.
To examine how changes in prices and/or costs affect our main results, we performed five additional analyses using different assumptions about cost and price over time (the various combinations of these scenarios amount of five additional scenarios). The cost scenarios include cases when cost increases at a constant rate over time, experiencing a 20% increase by the end of the time horizon, and cases when cost decreases at a constant rate over time, experiencing a 20% decrease by the end of the time horizon. To capture price effects, we follow the same methods used in Costello et al. (5) to allow the price of fish to vary as a function of total harvest (i.e., with a downward sloping demand curve for fish).
The different cost and price scenarios tested are as follows:
 
Spatial Analysis
The goal of this study is to assess the range of potential global outcomes for the world's fisheries under climate change, incorporating current status, different management scenarios, and direct climate effects on productivity and species range. While our results indicate that for most RCP scenarios Full Adaptation can lead to higher global profits, harvests, and biomass in the future compared to today, the benefits will vary across geographies. Under RCP 6.0, profit in 2100 with Full Adaptation are expected to be greater than current profit at latitudes higher than 31°N and lower than -35°S ( fig. S9 ). With few exceptions, the latitudes in between (which compose most of the tropics and subtropics) have lower profits compared to today despite strong management. These losses are even more pronounced under RCP 8.5. While latitudes generally benefit from adopting the Full Adaptation strategy compared to No Adaptation ( fig. S9 ), these benefits decrease, particularly in the tropics, under the most extreme climate change scenario examined (RCP 8.5). (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) for the Northeast United States and the Eastern Bering Sea were extracted from the OceanAdapt database. Range size was estimated by fitting a concave hull to the observed sample distribution. Biomass was estimated as the aggregate biomass from all samples. Proportional changes in each metric were calculated by dividing each observed value by the series mean and subtracting 1. For each species, 0 represents the series mean, while 1 represents a value that is 100% above the series mean. Fig. S5 . Effect of the choice of different carrying capacity/range size ratios on harvest, profit, and biomass for each management alternative relative to No Adaptation for RCP 6.0. Transboundary species-stocks are defined as stocks that either enter or completely leave at least one new nation by year 2100. Bubbles on the left represent results when using the assumption that relative changes in carrying capacity are half the size of relative changes in range size (1:0.5 relationship), while bubbles on the right represent results when using the assumption that relative changes in carrying capacity are 1.5 the size of relative changes in range size (1:1.5 relationship). Bubbles in the center reflect results when changes in carrying capacity are directly proportional to relative changes in range size (1:1). Table S1 . RCPs considered in this study along with the models used for computation of respective mean ensembles.
